Abstract. Mitochondrial dysfunction is observed in Alzheimer's disease (AD) brain, and the amyloid-β (Aβ) peptide is known to induce mitochondrial dysfunction. The relative degree of mitochondrial dysfunction in different regions of the brain in AD is not completely understood. Moreover, the relationship between levels of synaptic mitochondrial Aβ and mitochondrial dysfunction has not been clearly established. Therefore synaptic and nonsynaptic mitochondria were isolated from the hippocampus, cortex, striatum, and amygdala of 12 month AβPPsw and AβPP+PS1 mouse models of AD as well as nontransgenic mice. Mitochondrial respiratory rates, reactive oxygen species production, membrane potential, and cytochrome c oxidase activity were measured. Hippocampal and cortical mitochondria showed the highest levels of mitochondrial dysfunction, while striatal mitochondria were moderately affected, and amygdalar mitochondria were minimally affected. Mitochondria from AβPP/PS1 brain regions were more impaired than those from AβPP mice. Mitochondrial Aβ levels nearly mirrored the extent of mitochondrial dysfunction. Synaptic mitochondria were more impaired than nonsynaptic mitochondria in the AD mouse models. The AβPP/PS1 mice showed more impairment in the cognitive interference task of working memory than the AβPP mice. The association between mitochondrial Aβ levels and mitochondrial dysfunction in mouse models of AD supports a primary role for mitochondrial Aβ in AD pathology. Moreover, the degree of cognitive impairment in AD transgenic mice can be linked to the extent of synaptic mitochondrial dysfunction and mitochondrial Aβ levels, suggesting that a mitochondrial Aβ-induced signaling cascade may contribute to cognitive impairment. Therapeutics that target this cascade could be beneficial in the treatment of AD.
INTRODUCTION
Synapses may be the sites where the neurodegenerative process is initiated in Alzheimer's disease (AD) [1, 2] . Synaptic dysfunction in both the neocortex and hippocampus is a prominent event in AD progression [3] [4] [5] . In AD patients, the extent of cognitive decline is very tightly associated with the extent of synaptic loss S536
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in these specific brain regions [6, 7] . Mitochondria are essential for proper synaptic function and mitochondrial dysfunction is another prominent event in AD. However, the precise molecular changes that occur at synaptic terminals in AD, and whether these changes are a direct result of AD-associated mitochondrial dysfunction are not yet known.
An abundance of mitochondria has been the hallmark of synapses since their first ultrastructural description over 50 years ago. Light microscopy provided evidence that the synaptic terminals of axons contain a high density of mitochondria. Mitochondria were further shown to be essential for synaptic form and function in many systems, but it has not been clear exactly what role(s) they play in neurotransmission. Studies of neurons using electron microscopy helped localize synapses in the nervous system based on their abundance of mitochondria [8] , and decades later, this feature of preand postsynaptic regions is fully established. A high density of synaptic mitochondria is needed to generate the large amounts of ATP required to fuel synaptic vesicle physiology. Synapses also require mitochondria to take up and buffer cytoplasmic Ca 2+ because of the abundance of calcium channels and glutamatergic receptors in these regions. Studies conducted in vertebrate and invertebrate systems have shown that mitochondria and their Ca 2+ transport activities are crucial for neurotransmission [9] . Therefore mitochondria play an important role in the overall function of synaptic regions.
Familial AD is predominately caused by mutations in three genes, presenilin-1 (PS1), presenilin-2 (PS2), and amyloid-β protein precursor (AβPP). PS1 or PS2 and other proteins together form the γ-secretase complex, which is an intramembrane protease. γ-secretase, together with BACE1, the β-secretase, cleave AβPP into a toxic amyloid-β (Aβ) peptide fragment. Aβ, a 39-43 amino acid peptide, is a principal constituent of senile plaques and is thought to play a pivotal role in the pathogenesis of AD. Aβ causes cell death when it is administered to cultured neurons. Aβ is also found intracellularly [10] and aggregation of Aβ into an oligomeric form is particularly cytotoxic [11] , leading to apoptotic neuronal cell death [12] [13] [14] .
Several pathophysiological events such as apoptosis, disruption of Ca 2+ homeostasis, and mitochondrial dysfunction occur in AD brain [15] [16] [17] . Mitochondrial dysfunction in AD is characterized by decreased cytochrome c oxidase (COX) activity, increased reactive oxidative species (ROS) generation, and altered activities of Krebs cycle enzymes such as α-ketoglutarate dehydrogenase and pyruvate dehydrogenase [17] [18] [19] [20] . These events may be, in part, caused by a direct effect of Aβ on mitochondria, since Aβ causes mitochondrial dysfunction when added to isolated mitochondria [21] . Increased intracellular Aβ levels may also facilitate mitochondrial permeability transition opening [22] , a key event in cell death. Therefore, Aβ can directly disrupt mitochondrial function and contribute to the metabolic deficiencies and loss of synaptic and neuronal function observed in AD patient brains [23] . However, other proteins associated with AD pathology including tau, and apolipoprotein E4 are also partially localized to mitochondria [24] [25] [26] . The extent of damage caused by these proteins at the organelle level has not been fully explored, but overexpression of mutant tau has been shown to decrease complex I activity of the mitochondrial electron transport chain [26] . Complex IV of the electron transport chain may be particularly vulnerable in AD patients since it is a direct target of both Aβ and a proteolytic fragment of apolipoprotein E4 [24] [25] [26] [27] .
Familial Alzheimer's mutant AβPP overexpression in mouse brain has been shown to cause increased mitochondrial ROS production [28, 29] , decreased mitochondrial membrane potential and respiration [21] , and altered mitochondrial morphology [30] . Aβ has been localized in synaptic brain mitochondria and likely caused these manifestations [31, 32] . Mitochondrial dysfunction and increased oxidative stress occur as early events in these transgenic AD mice, even before the onset of insoluble Aβ plaque pathology [33] [34] [35] . Therefore, mitochondrial dysfunction may at least be partly responsible for other downstream events in AD progression such as synaptic loss and cognitive impairment.
In this study, synaptic and nonsynaptic mitochondria from the cortex, hippocampus, striatum, and amygdala of AβPP, AβPP/PS1, and control mice were isolated. The levels of synaptic mitochondrial Aβ and the function of the mitochondria from these brain regions were compared to not only determine any regional brain differences in mitochondrial function, but also to elucidate the relationship between mitochondrial Aβ levels and mitochondrial function in the two AD models investigated.
MATERIALS AND METHODS

Isolation of synaptic and nonsynaptic brain mitochondria from mice
All experimental protocols involving animals were
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approved by University of South Florida Animal Use and Care Committee. Mice in this study were derived from the Florida Alzheimer's Disease Research Center mouse colony, wherein heterozygous mice carrying K670N and M671L mutations in the AβPP gene are routinely crossed with heterozygous mutant PS1 (M146V; Tg line 6.2) mice to obtain AβPP/PS1, AβPP, PS1, and nontransgenic (NT) genotype offspring with a mixed C57/B6/SW/SJL background. In the present study, 12 month old AβPP (n = 4), AβPP/PS1 (n = 7), and littermate NT controls (n = 7) were used. Following completion of all behavioral testing, animals were euthanatized using CO 2 asphyxiation and decapitated as previously described [36] . First, brains were quickly removed and placed on ice. Brain regions of interest were carefully dissected following anatomical guidelines and placed in a glass Dounce homogenizer containing five times the volume of isolation buffer (215 mM mannitol, 75 mM sucrose, 0.1% BSA, 1 mM EGTA, 20 mM HEPES (Na + ), pH 7.2). Following homogenization, the centrifugation procedure from [37] and [38] with slight modifications was used to separate synaptosomes from nonsynaptic mitochondria. After a low-speed spin (1,300 x g for 5 min) to remove unbroken cells and nuclei, the supernatant was carefully placed in fresh tubes, topped off with isolation buffer, and spun down again at 13,000 x g for 10 min. The resulting pellets were resuspended in a 3% Percoll (GE Healthcare, Piscataway, NJ) isolation buffer with the supernatant layered on top of a discontinuous Percoll gradient, consisting of layers of 24% (3.5 ml), 15% (2 ml), and 10% (1.5 ml) Percoll. The tubes were centrifuged at 32,000 x g for 15 minutes. Nonsynaptic mitochondria formed a pellet at the bottom of the tube and were carefully resuspended in isolation medium and centrifuged again at 13,000 x g to yield purified nonsynaptic mitochondria. Resultant mitochondrial pellets were suspended in isolation buffer without EGTA (215 mM mannitol, 75 mM sucrose, 0.1% BSA, 20 mM HEPES (Na + ), pH 7.2) and centrifuged at 16,900 x g for 15 min and subsequently at 10,000 x g for 10 min. The final mitochondrial pellet was resuspended in isolation buffer without EGTA at a protein concentration of approximately 10 mg/ml and kept on ice until experiments were performed. Protein concentration was quantified using a BCA assay. For all mitochondrial analyses, the brain area of interest from 4-7 mice of the same genotype was combined for a single homogenate that was then assayed in triplicate. Experiments were repeated three times.
Respiratory measurements
The respiratory function of isolated mitochondria was measured using a miniature Clark type oxygen electrode (Strathkelvin Instruments, MT200A chamber, Glasgow, UK). 100 µg (0.3 mg/ml final concentration) of mitochondria were suspended in a sealed, constantly stirred and thermostatically controlled chamber at 37
• C containing 350 µl of respiration buffer (125 mM KCl, 1 mM MgCl 2 , 2 mM KH 2 PO 4 , 5 mM pyruvate, 2.5 mM malate, 500 µM EGTA, 20 mM HEP-ES, pH 7.0) at 37
• C. State III respiration was assessed by the addition of 200 µM ADP. State IV respiration was achieved by addition of 1 µM oligomycin. The respiratory control ratio (RCR) was determined by dividing the rate of oxygen consumption for state III by that of state IV. The rate of oxygen consumption was expressed as nanomoles of O 2 per min per milligram of mitochondrial protein.
Reactive oxygen species production
Mitochondrial ROS production was measured using 2',7'-dichlorodihydrofluorescein diacetate. This compound is cleaved by intramitochondrial esterases and oxidized to fluorescent dichlorofluorescein, (DCF) (excitation 485 nm, emission 530 nm) and measured in a Biotek Synergy 2 microplate reader as previously described [36] . 100 µg (0.8 mg/ml final concentration) of isolated nonsynaptic mitochondria were added to 120 µl of KCl-based respiration buffer (see above) with 5 mM pyruvate and 2.5 mM malate added as respiratory substrates and 25 µM dichlorodihydrofluorescein diacetate. ROS production was expressed as the DCF fluorescence after a 20 min incubation period and presented in relative fluorescence units. Mitochondrial ROS production in the presence of oligomycin (inducer of increased ROS production) or FCCP (to decrease ROS production) were performed to ensure measurement values were within the range of the indicator.
Mitochondrial membrane potential measurements
A 200 µM solution of JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine iodide) was made using DMSO as the solvent. The assay buffer contained mitochondrial isolation buffer with the addition of 5 mM pyruvate and 5 mM malate. 150 µl of assay buffer and 20 µl (1.2 mg/ml final concentration) of mitochondria were added to the wells of a 96 well black microplate (Corning) followed by addition of 1 µM JC-1 and mixed gently. The microplate was covered with aluminum foil and left at room temperature for 20 min before reading. Fluorescence (excitation 530/25 nm, emission 590/30 nm) was measured using a Biotek Synergy 2 multi-mode microplate reader. Fluorescence was expressed in relative fluorescence units.
Mitochondrial Ca
2+ uptake
Mitochondria were suspended at a concentration of 1 mg/ml in a buffer containing 300 mM mannitol, 5 mM malate, 20 mM pyruvate, 100 µM Oregon Green 488 BAPTA-5N (K + ), 20 µM EGTA, 20 mM HEPES, pH 7.2 at 37
• C in a black 96-well microplate. 100 µM pulses of CaCl 2 were injected into each well. A fluorescence excitation filter of 485/20 nm and an emission filter of 528/20 nm were used to monitor extramitochondrial Ca 2+ using a Biotek Synergy 2 multi-mode microplate reader.
Cytochrome c oxidase assay
COX activity was measured using a Clark-type oxygen electrode in the presence of tetramethylphenylenediamine (TMPD) (250 µM) and ascorbate (500 µM). Mitochondria that had been frozen in 20% DMSO and then thawed, spun down, and resuspended in isolation buffer were used in this assay. 150 µg (0.4 mg/ml final concentration) of mitochondria were suspended in 350 µl of media containing 125 mM KCl, 2 mM MgCl 2 , 2.5 mM KH 2 PO 4 , 20 mM HEPES, pH 7.0 in the presence of 1 µM FCCP. Ascorbate-reduced TMPD donates electrons directly to COX bypassing the upstream respiratory complexes. Rates of oxygen consumption were calculated before and after addition of TMPD and ascorbate and were expressed as nmol O 2 /min/mg protein.
Aβ ELISA
Cortical, hippocampal, striatal and amygdalar mitochondrial levels of total soluble Aβ were measured by ELISA. Briefly, 20 µl of isolated synaptic mitochondrial pellets (final protein concentrations of 10 mg/ml) were sonicated for 20 s and subsequently stored at −80
• C for the subsequent determination of total soluble Aβ levels. Protein levels of mitochondrial homogenate samples were all normalized by BCA protein assay. Aβ 1−40+1−42 was quantified in these samples using the Aβ 1−40+1−42 ELISA kits in accordance with the manufacturer's instructions. Briefly, 6E10 (capture antibody) was coated at 2 mg/mL in PBS into 96-well immunoassay plates overnight at 4
• C. The plates were washed with 0.05% Tween 20 in PBS five times and blocked with blocking buffer (PBS with 1% BSA, 5% horse serum) for 2 h at room temperature. Brain homogenates prepared with lysis buffer by a 1:10 dilution were added to the plates and incubated overnight at 4
• C. Following 3 washes, biotinylated antibody, 4G8 (0.5 mg/mL in PBS with 1% BSA) was added to the plates and incubated for 2 h at room temperature. After 5 washes, streptavidin-horseradish peroxidase (1:200 dilutions in PBS with 1% BSA) was added to the 96-well plates for 30 min at room temperature. Tetramethylbenzidine substrate was added to the plates and incubated for 15 min at room temperature. 50 mL of stop solution (2 N H 2 SO 4 ) was added to each well of the plates. The optical density of each well was immediately determined by a microplate reader at 450 nm. Mitochondrial Aβ levels in brain regions of interest were normalized to zero NT control and expressed as pg/mg mitochondrial protein.
Mouse behavioral assessment
All animals were first evaluated for six days in the radial arm water maze (RAWM) task of working memory, given 4 days of rest, then tested for an additional two days in a more difficult cognitive interference task based on an analogous human task [39] .
For RAWM testing, an aluminum insert was placed into a 100 cm circular pool to create 6 radially distributed swim arms emanating from a central circular swim area. One of the 6 swim arms contained a submerged escape platform (9 cm diameter). The latency and number of errors prior to locating the escape platform was determined for 5 trials per day. Each incorrect arm entry resulted in the animal being pulled back (by the tail) to the start arm for that trial. The platform location was changed daily to a different arm, with different start arms for each of the 5 trials semi-randomly selected from the remaining 5 swim arms. The latency to find the escape platform (maximum 60 s) during trials 4 and 5 are both considered indices of working memory and are temporally similar to the standard registration/recall testing of specific items used clinically in evaluating AD patients. Data from the 6 days of testing were statistically analyzed (one-way ANOVA, with post hoc Fisher LSD tests) in three 2-day blocks, with the last block being presented as the most indicative of working memory performance. We designed the cognitive interference task measurefor-measure from a cognitive interference task used to discriminate normal aged, MCI, and AD patients from one another [39] . Our analogous interference task for mice involves two RAWM set-ups in two different rooms, each with different sets of visual cues. The task requires animals to remember a set of visual cues, so that following interference with a different set of cues, the initial set of cues can be recalled to successfully solve the RAWM task. A set of four behavioral measures were examined. Behavioral measures were: A1-A3 (Composite three-trial recall score from first 3 trials performed in RAWM "A"), "B" (proactive interference measure attained from a single trial in RAWM "B"), A4 (retroactive interference measure attained during a single trial in RAWM "A"), and "A5" (delayed-recall measure attained from a single trial in RAWM "A" following a 20 min delay between A4 and A5). As a distracter between trials, animals are placed in a Y-maze and allowed to explore for 60 s between successive trials of the three-trial recall task, as well as during the proactive interference task. As with the standard RAWM task, this interference task involves the platform location being changed daily to a different arm for both of the RAWM set-ups utilized, and different start arms for each day of testing for both RAWM set-ups. For A1 and B trials, the animal was initially allowed one minute to find the platform on their own before they were guided to the platform. Then the actual trial was performed in each case. As with the standard RAWM task, animals were given 60 s to find the escape platform for each trial, with animals being pulled back to the start arm after entering an incorrect arm, and latency prior to finding the platform recorded for each trial. Animals were tested for cognitive interference performance on two successive days, with statistical analysis performed for the resultant 2-day block. Raw latency data was normalized to percent change in latency to facilitate comparisons across the four measures. Statistical analysis of cognitive interference data involved 
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initial ANOVAs, followed by post hoc Fisher's LSD tests.
RESULTS
State III and state IV oxygen consumption rates of isolated synaptic mitochondria from cortex, hippocampus, striatum, and amygdala of AβPP/PS1, AβPP, and control mice were monitored as shown in Fig. 1 . The respiratory control ratio (RCR) (state III/state IV), a measure of the coupling of proton pumping to ATP synthesis, is also shown. Mitochondria from the cerebellum were also analyzed but no AβPP or PS1-related dysfunction was ever found in this region (data not shown). Mitochondria from AβPP transgenic mice showed reduced state III and state IV respiratory rates compared to NT controls, with mitochondria from AβPP/PS1 mice showing even further respiratory dysfunction. However, the difference in state IV respiratory rates between AβPP and AβPP/PS1 striatal and amygdalar mitochondria did not reach statistical significance. Respiratory rates of mitochondria from the hippocampus, cortex, and striatum of AβPP and AβPP/PS1 mice were more impaired than those from the amygdala. This led to a decreased RCR in mitochondria from these three regions compared to that from the amygdala.
Synaptic mitochondria from these same four brain regions were then monitored to assess the rate of ROS production (Fig. 2) . Mitochondria from AβPP mice produced higher levels of ROS than those from NT mitochondria, while AβPP/PS1 mitochondria generated the highest levels of ROS. In the cortex and hippocampus, AβPP mitochondria produced threefold more ROS than NT mitochondria, while AβPP/PS1 generated twice the levels of AβPP mitochondria. AβPP and AβPP/PS1 mitochondria from the striatum were slightly less affected, showing only two and three-fold increases compared to NT controls. Strikingly, NT mitochondria from the amygdala showed a ten-fold decreased ROS production compared to NT mitochondria from the other regions shown. NT cerebellar mitochondria also showed the greatly decreased ROS production rate, similar to that from amygdala (data not shown). Mitochondria from the amygdala of AβPP and AβPP/PS1 were also the least affected by transgene expression, with ROS production levels only doubling in AβPP/PS1 mitochondria compared to NT controls.
The mitochondrial membrane potential (MMP) was monitored in isolated mitochondria from mice of the three genotypes (Fig. 3) . The MMP was decreased in organelles from all four brain regions of AβPP mice, but the difference was not significant in mitochondria from the amygdala. MMP was further decreased in AβPP/PS1 mice in all four brain regions. The hippocampus and cortex were the most affected regions, followed by the striatum, with the amygdalar MMP only slightly decreased. Since MMP is the driving force for calcium uptake into mitochondria, we next monitored calcium uptake into mitochondria from these brain regions (Fig. 4) . Unfortunately, the aging of the synaptic mitochondria during the extended isolation procedure caused a dramatic slowdown in mitochondrial calcium uptake rates compared to those observed during the shorter isolation procedure when synaptic and nonsynaptic mitochondria are not separated (data not shown). However, as expected, the calcium uptake rates correlated well with the MMP measurements in the different genotypes of mice.
COX activity in mitochondria from the four brain regions was assayed by monitoring the oxygen consumption rate using TMPD and ascorbate (Fig. 5) . Hip- pocampal mitochondria were most affected by transgene expression. AβPP hippocampal mitochondria showed an almost threefold decreased activity, while the activity in AβPP/PS1 mitochondria was decreased over fourfold. The cortical mitochondria were nearly as affected. Striatal AβPP mitochondrial COX activity was decreased by almost twofold with the activity in AβPP/PS1 mitochondria only slightly more affected. Amygdalar AβPP and AβPP/PS1 COX activity were only modestly decreased, although significantly so and to a greater extent in AβPP/PS1 mice.
Next we assayed total soluble mitochondrial Aβ levels (Aβ 1−40 and Aβ 1−42 ) (Fig. 6) . In hippocampus, cortex, and amygdala, AβPP/PS1 mitochondria had roughly 50% more Aβ than AβPP mitochondria. However, in the striatum, AβPP/PS1 mitochondria had threefold higher levels of Aβ than AβPP mitochondria. When comparing mitochondrial Aβ levels among regions, the cortex and hippocampal fractions had the highest levels; the striatal fraction had roughly three to five fold lower levels; with the amygdalar fraction yielding roughly forty fold lower levels.
Next we determined the differences in respiratory control ratio, ROS production, membrane potential, and COX activity between synaptic and nonsynaptic mitochondria. Figure 7 shows results from hippocampal mitochondria. AβPP and AβPP/PS1 synaptic mitochondria showed slightly more dysfunction than nonsynaptic mitochondria in all of these assays. No differences in function were found between nonsynaptic and synaptic mitochondria from nontransgenic control animals. Similar results were observed for the function of cortical (Fig. 8), striatal (Fig. 9) , and amygdalar ( Fig. 10 ) mitochondria, with the relative differences between synaptic and nonsynaptic being slightly smaller in the amygdalar fractions.
Prior to euthanasia and the mitochondrial function analyses, all mice of the three genotypes were subjected to 6 days of working memory evaluation in the RAWM task, followed by 2 days of cognitive interference testing. Analysis of RAWM performance revealed that AβPP and AβPP/PS1 mice were equally impaired in comparison to NT controls, as evidenced by both transgenic groups having high and near-identical escape latencies in Trials 4 and 5 during the final block of behavioral testing (data not shown). The RAWM task was thus unable to behaviorally discriminate between AβPP and AβPP/PS1 genotypes. In sharp contrast, ensuing evaluation of all mice in the more sensitive cognitive interference task (directly analogous to a human cognitive interference task) showed greater impairment of AβPP/PS1 mice than AβPP mice on all four measures of performance (Fig. 11) . Specifically, AβPP mice were significantly impaired in only one of those four measures (delayed recall) compared to NT controls. However, AβPP/PS1 mice were not only impaired in all four measures compared to NT con- trols, but they were significantly more impaired than AβPP mice on two of the measures (retroactive interference and delayed recall). It is thus apparent that this gradation in cognitive impairment between AβPP and AβPP/PS1 mice mirrored gradations in brain Aβ levels and mitochondrial dysfunction between these same two genotypes.
DISCUSSION
To study brain region-specific mitochondrial dysfunction, synaptic and nonsynaptic mitochondria from cortical, hippocampal, striatal, and amygdalar brain regions in AβPP/PS1, AβPP, and NT mice were isolated and evaluated. Mitochondrial Aβ levels strongly influenced mitochondrial respiratory function, ROS production rates, and membrane potential in these different brain regions. Mitochondria from the hippocampus and cortex had the highest levels of Aβ and had the highest degree of mitochondrial dysfunction followed by the striatum, with only a minimal effect on the amygdala. There was also a striking association between mitochondrial impairment and cognitive dysfunction in the AβPP and AβPP/PS1 mice. This is the first demonstration of an association between mitochondrial Aβ levels and mitochondrial dysfunction in different brain regions and also between these parameters and cognitive impairment in AD transgenic mice.
It is currently unclear as to what extent mitochondrial dysfunction plays in AD progression. But recent data indicates that mitochondrial Aβ may be one of several causes of this dysfunction. Aβ can be transported into mitochondria and is localized in mitochondrial cristae [40] . Within the mitochondrion, Aβ can bind and inhibit amyloid-binding alcohol dehydrogenase (ABAD) and sensitize the cells to apoptotic stimuli [41] . Some fraction of mitochondrial matrix Aβ may be degraded by the mitochondrial presequence cleaving peptidasome, PreP [42] . In fact, an interaction between AβPP and the mitochondrial protein import machinery was shown to inhibit protein import [43] . The decrease in COX activity caused by Aβ may lead to increased ROS production that damages mitochondrial DNA, proteins, and lipids and could lead to cyclophilin D-dependent permeability transition pore opening and apoptosis [22] .
Brain Aβ levels are known to vary in a regionspecific manner [44] . Intramitochondrial Aβ levels also varied between different brain regions in a similar pattern. Therefore, a steady state equilibrium may exist between cytoplasmic and mitochondrial Aβ. However, the reason for the large variation in Aβ levels between different parts of the AD brain is still an open question. Expression of AβPP has been shown to be relatively constant throughout the brain in transgenic mouse models of AβPP expression, regardless of the promoter used [44] . Likewise γ-secretase activity is relatively constant throughout the different brain regions [45, 46] . BACE expression, responsible for β-secretase activity, however, was shown to be slightly higher in the hippocampus and cortex than in the cerebellum of wild type mice [47] [48] [49] . Conversely, Adam10, the main α-secretase, was expressed at slightly higher levels in the cerebellum than the cortex or hippocampus [50] . Although, it seems unlikely that these small differences in secretase activity are the sole reason for the large differences in Aβ levels, this warrants further investigation. Furthermore, it has been shown that the Aβ degrading enzymes neprilysin and insulin degrading enzyme are subject to oxidative inactivation [51] . These enzymes may then be the least active in the brain regions that produce the highest levels of mitochondrial ROS. Therefore, the higher levels of hippocampal and cortical Aβ in AβPP and AβPP/PS1 mice may, in part, be a result of the higher levels of mitochondrial produced ROS in these regions that inactivates Aβ degrading enzymes.
It is well established that cognitive and synaptic activity are highly reliant on mitochondrial function. Mice administered the COX inhibitor azide showed in- creased latency to initiate a response in a T-maze [52] , impaired spatial learning in the Morris water maze [53] , and impaired episodic memory in the object recognition test [54] . COX inhibition was also shown to specifically alter hippocampal cholinergic innervation [54] . In humans, inborn COX deficiency may manifest as Leigh's Syndrome, sometimes symptomized by severe cognitive deficits [55] . Synaptic contacts decrease with normal brain aging and this is associated with decreased COX activity [56] . This may reflect the tight coupling between synaptic and mitochondrial function at the transcriptional level with both COX and NMDA glutamate receptor genes being activated by the transcription factor nuclear respiratory factor 1 (NRF-1) [57] . Together these data indicate that the decreased COX activity from normal aging coupled with the inhibition by Aβ may lead to the synaptic deficits observed in AD.
In the assays performed, synaptic mitochondrial function was more impaired than that of nonsynaptic mitochondria. There are several possible explanations for this effect. It has been proposed that mitochondria at synapses are older than mitochondria in cell bodies [58] . So the greater decrease in mitochondrial function for synaptic mitochondria may just reflect the slightly longer time that Aβ has interacted with mitochondria at this location. Alternatively, synaptic mitochondria have been shown to have a higher cyclophilin D content than nonsynaptic mitochondria and are thus more prone to permeability transition pore opening [59] , which may increase organelle ROS production due to cytochrome c release. Lastly, the increased calcium signaling and localized metabolic stress at the synapse may cause synaptic mitochondria to be more vulnerable to the toxic effects of Aβ.
Mitochondria play an important role in the maintenance of synaptic function. Mitochondrial function at synapses is critical for neurotransmission by generating ATP and maintaining calcium homeostasis [60, 61] . But mitochondria must first be transported to the synapse. Mitochondrial division occurs in the cell body. Arrival of mitochondria at the synaptic regions occurs via regulated axonal transport [62] . Highly energized mitochondria are thought to be transported to synapses while damaged mitochondria are transported back to the cell body [63, 64] . This transport is regulated by MMP and intracellular calcium levels, which are both influenced by Aβ [65] . When Aβ was expressed in fruitfly neurons, a slowdown of bi-directional transport of axonal mitochondria was observed. A depletion and enlargement of pre-synaptic mitochondria, as well as a decreased number of synaptic vesicles was seen [66, 67] . This slowed axonal transport combined with the increased oxidative stress caused by Aβ may lead to synaptic dysfunction.
Autophagy is a process in which double membrane autophagosomes engulf cytoplasm and organelles leading to their eventual degradation. Autophagy is the predominate pathway for mitochondrial degradation and is also important for Aβ degradation. Autophagic vesicles formed in neurites must be transported back to the cell body where they fuse with lysosomes. The autophagic process in neurons is constituitively active and very efficient so few autophagic vesicles are observed under normal conditions. However, the presence of Aβ increases the number of autophagome-engulfed mitochondria present in neurites [68] . This is likely due to an increased rate of autophagic sequestration of organelles coupled with a decreased rate of fusion of autophagic vesicles with lysosomes [68] . This disrupted autophagosomal and lysosomal function may play an important role in mitochondrial dysfunction and intracellular Aβ accumulation in AD.
A decreased number of neuronal mitochondria have been shown in the early stages of AD [69] . Changes in mitochondrial morphology have also been observed in several AD brain regions [70] . This includes an increased amount of fragmented mitochondria [67] , which occur as a result of an increase in nitric oxideinduced mitochondrial fission [71] . The increased nitric oxide synthase activity is likely the result of an Aβ-mediated increase in cytoplasmic calcium concentration. Altered rates of mitochondrial fusion or fission in AD neurons could also explain the decreased number and increased size of mitochondria observed in AD brain and fruitfly neurons expressing Aβ [66, 72] .
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It has been suggested that the decreased ATP levels and MMP and increased ROS production resulting from increased Aβ levels are a direct consequence of altered rates of mitochondrial fusion or fission events, because overexpression of the mitochondrial fusion protein OPA1 was able to partially restore these parameters [67] . Mitochondrial fusion and fission are essential activities because knockout mice devoid of either of these functions suffer from embryonic lethality [73, 74] . Neurons, being polarized cells, are especially vulnerable to alterations in mitochondrial fusion and fission. Embryonic neurons from the DRP1 knockout mouse, deficient in mitochondrial fission, showed improper mitochondrial localization, dysfunctional synapse formation, and were more sensitive to apoptotic stimuli [74] . Cells from Mitofusin1 or Mitofusin2 knockout mice, deficient in mitochondrial fusion, often had a low MMP [75] . Cerebellar mitochondria from mice deficient in Mitofusin2 in that particular brain region had decreased electron transport chain activity and lacked mitochondrial DNA nucleoids. These results indicate that without mitochondrial fusion individual mitochondria in the brain can become deficient in an essential component, such as mitochondrial DNA, in a stochastic manner. A slow rate of mixing of matrix space components between separate mitochondria is therefore essential for neuronal function. Aβ, by altering mitochondrial fission or fusion rates, may slow that rate of mixing below the critical threshold necessary for proper mitochondrial function. However, it is unlikely that altered rates of mitochondrial fusion or fission can explain the mitochondrial dysfunction that occurs following the addition of Aβ to isolated mitochondria.
It is not entirely clear why AβPP and AβPP/PS1 mitochondria in synaptic regions were more dysfunctional than mitochondria from other regions of the cell. Perhaps the decreased rates of axonal transport combined with the altered rates of mitochondrial fission or fusion selectively slow the degradation rate of synaptic mitochondria causing accumulation of oxidatively damaged organelles in synapses. Presynaptic mitochondria regulate neurotransmission by taking up and releasing Ca 2+ [9] . In addition, high mitochondrial transmembrane potential and/or mitochondrial Ca 2+ sequestration are necessary to resist or recover from synaptic depression [76] [77] [78] [79] , to support post-tetanic potentiation [80] , and to prevent asynchronous neurotransmitter release [78] . Moreover, different synapses are shown to have different Ca 2+ signaling properties and some of them require more mitochondrial support than others [81] . Therefore, Aβ-mediated mitochondrial dys- Fig. 11 . AβPP/PS1 mice are more impaired than AβPP mice in a cognitive interference task. The mice were behaviorally tested using a cognitive interference task. AβPP mice were impaired in only one measure (delayed recall) compared to NT controls, while AβPP/PS1 mice were impaired in all four measures ( * p < 0.05). AβPP/PS1 mice also showed greater behavioral impairment in both retroactive interference and delayed recall than AβPP mice ( * * p < 0.05).
function likely alters mitochondrial Ca 2+ uptake and other Ca 2+ -dependent cellular processes in a locationspecific manner.
Striatal amyloid and intraneuronal neurofibrillary changes are hallmarks of AD. Numerous amyloid deposits were present in AD patient striatum, but only rarely encountered in the striatum from nondemented individuals [82] [83] [84] [85] . Striatal mitochondria are known to be more susceptible to permeability transition pore opening than those from several other brain regions [86] . Striatal mitochondria are also especially susceptible to energy compromise [87] . Therefore lower Aβ levels may affect striatal mitochondria more markedly than other regions of the brain and striatal mitochondrial dysfunction may play an under-appreciated role in AD progression.
A limitation of this study is that mice from only one age were analyzed, so the rates of change of mitochondrial dysfunction over time in these different brain regions are not known. It is known that mitochondrial dysfunction is one of the first measurable phenotypes in transgenic AβPP mice [88] and that mitochondrial Aβ levels increase substantially at an age when cognitive dysfunction first occurs [89] . Therefore analyzing synaptic and nonsynaptic mitochondrial function at different ages in these different brain regions could provide information on specific molecular changes necessary for cognitive decline. Future studies aim to address this issue.
